The physiology of protein intracellular transport and secretion by cell types thought to be free from short-term control has been compared with that of the pancreatic acinar cell, using pulse-chase protocols to follow biosyntheticallylabeled secretory products. Data previously obtained (Tartakoff, A. M., and P.
plasma cells (31) . We found no evidence for the existence of short-term physiological control of the rate of discharge of Ig nor other behavior characteristic of regulated secretory cells (e.g., dependence on extracellular calcium or responsiveness to either increased intracellular calcium or extracellular KCI). All of the data indicate that the ongoing "basal" secretory rate is maximal. Three conditions were identified which lower secretory rate: block of respiration, partial equilibration of cellular Na/K levels effected by the carboxylic ionophore monensin, and cellular calcium depletion as effected by the carboxylic ionophore A 23187 in the presence of ethylene glycol bis(flaminoethyl ether)N,N,N',N'-tetraacetic acid (EGTA) and the absence of calcium. By electronmicroscopic-autoradiographic studies, an energydependent step in the secretory cycle has been identified at the rough endoplasmic reticulum (RER)-Golgi junction. Moreover, both ionophores appear to perturb the ongoing traffic of Golgi-derived vesicles. In the case of monensin, a storage compartment for secretory' protein becomes apparent-an impressively abundant population of smooth-surfaced vacuoles whose dimensions resemble those of storage granules in "'regulated" secretory cells. In the case of calcium depletion, the Golgi lesion results in an extensive accumulation of small vesicles.
In the present study, we explore the generality of these observations and compare the secretory physiology of the plasma cell with that of fibroblasts (which secrete procotlagen) and activated macrophages (which secrete a mixture of proteins and enzymes). We also investigate the extent to which the physiology of discharge by such seemingly nonregulated secretory" cells resembles the physiology of intracellular transport in a wellcharacterized "'regulated" secretory cell-the acinar cell of the exocrine pancreas.
MATERIALS AND METHODS
The materials used and the labeling and analytic procedures employed are modeled after those of our previous studies (31) .
Activated macrophages were obtained from peritoneal washings of C3H/C57 mice injected intraperitoneally 3 days previously with 2 ml of 3% thioglycollate broth. They were plated on Falcon Petri dishes (Falcon Plastics, Division of BioQuest, Oxnard, Calif.) at 2 • 10 ~ cells/cm 2 in 5% fetal calf serum in Dulbeceo-modifled Eagle's medium (5) . After overnight culture, nonadherent ceils were removed by repeated washings with Hanks' basic salt solution. Cells were labeled with [3H]teucine (or [~S]methionine) at 100 /xCi/ml in medium containing 8 nM leucine (or simply lacking nonradioactive methionine), 20 ~g/ml bovine serum albumin, nonessential amino acids, and 10 mM N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid (Hepes). After labeling, the cells were rinsed with Hanks' basic salt solution and chased in appropriate media (variants of Dulbecco Modified Eagle's Medium). After suitable chase intervals, the media were recovered, cells were iysed in Hanks' solution which contained 0.I % Nonidet P-40, and both samples were centrifuged at 1,000 g for 5 rain before removing aliquots for counting.
Chick embryo tendon fibroblasts were obtained from 17-day-old chick embryos, as in the procedure of Dehm and Prockup (6) . Briefly, tendons were digested with a mixture of crude trypsin and collagenase for 90 rain at 37~ The liberated cells were washed in the presence of fetal calf serum and soy bean trypsin inhibitor, labeled 1 h at 37~ with 100 /zCi/ml [3H]proline, washed, and returned to appropriate chase media. After the 90 min secretion interval, the cell supernates and detergent lysates of the cells (see macrophage procedure) were recovered, adjusted to 1 mM N-ethylmaleimide, 1 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride to block proteolysis, and centrifuged, as in the macrophage procedure. Secretion from fibroblasts or macrophages was either precipitated with 5 % TCA on filter disks (for counting), or precipitated with carrier formalinized Staphylococci plus TCA as preparation for sodium dodecyl sulfate (SDS)-gel electrophoresis. The use of carrier bacteria was as effective as 1 mg/ml carrier albumin and avoided overloading the gels at the 68,000-dalton level. (The bacteria remain largely in~luble in sample buffer).
Guinea pig pancreatic lobules were prepared by standard procedures (27). Cell fractionation was according to Tartakoff and Jamieson (30) , except that the postmitochondrial supernate was adjusted to 1.3 M sucrose and loaded into a "sandwich gradient" (0.5 ml 2.2 M sucrose, 0.5 ml 1.3 M sucrose, 1.5 ml post-mitochondrial supernate, 0.5 mt 1.2 M sucrose, 0.5 ml 0.3 M sucrose) which was spun 18 h at 250,000 g in the Spinco SW56 rotor (Beckman Instrument, Inc, Spinco Div., Palo Alto, Calif.). The rough and smooth microsomal fractions were collected and washed once with 0.3 M sucrose, 100 mM KCI (1 h at 150,000 g in the Spinco Ti 50 rotor) to eliminate the considerable background of adsorbed secretory protein (28). Protein was determined by the method of Lowry et al. (18) with bovine albumin as a standard.
Gradient SDS gels were run by the procedure of Laemmli (16) . Samples were routinely dissolved and reduced in the presence of 1% SDS, 10 mM/3-mercaptoethanol, by heating 2 min at 100~ before loading. Fluorography of dried gels was performed according to Bonner and Laskey (4) .
Tissue fixation and autoradiography were performed as in (31) .
Guinea pigs and 17-day-old chick eggs were obtained 
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Fibroblasts
Cells were routinely labeled for 1 h, washed, and returned to nonradioactive medium for 90 min chase. Analysis on SDS gels of either the total intracellular material or secretion (both after reduction) revealed the presence of two predominant bands of radioactivity, corresponding to the procollagens a~ and as in mobility; as expected these were present in a proportion roughly judged to be 2:1 (Fig. 1) . Fig. 2 illustrates the influence of energy block and ionic perturbations on release of TCA-insoluble radioactivity during the 90-rain chase interval. 
Macrophages
Activated macrophages were routinely labeled for 1 h with [3H]leucine, then thoroughly washed and returned to nonradioactive "chase" medium. The kinetics of the release of TCA-insoluble counts per minute is given in Fig. 3 . It is evident that secretion is rapid; if maximal release is taken to correspond to 30% of the incorporated radioactivity (the level attained after 20 h chase), onehalf of this level is attained after -1 h chase.
The mixture of proteins released has been examined by SDS-gel electrophoresis after reduction (Fig. 4) . The fluorographic image is complex and spans a broad mol-wt range, from 14,000 daltons (lysozyme [ 10] ) to proteins that scarcely enter the running gel, among which are presumably the 696 THE JOURNAL OF CELL BIOLOGY" VOLUME 79, 1978
Kinetics of secretion of TCA-insoluble radioactivity from macrophages prelabeled for 1 h with [3H]leucine. 100% equals total initial intracellular TCAinsoluble radioactivity before chase.
FIGURE 4 10-15% SDS gel of macrophage secretory proteins labeled with [aSS]methionine. Cells were labeled for 1 h, washed, and allowed to secrete for 1 h. The extracellular medium was recovered, precipitated with TCA, reduced, and loaded onto the gel. Arrows designate, from top to bottom, the top of the running gel, the mobility of BSA, trypsinogen, and ribonuclease. Similar gels of intracellular samples excluded cell lysis as an important contributor to secretion.
collagenase, elastase, and plasminogen activator recently described (32) (33) (34) . No attempt has been made to determine whether these multiple proteins are released in synchrony. Because half-maximal discharge occurs within 1 h, this chase interval has been selected for evaluation of the energy requirement and of the influence of various ionic perturbations on discharge rate, Protein synthesis continues in the presence of monensin (not shown), and therefore monensin was present during both the l-h labeling period and the 1-h chase interval in certain experiments. Fig. 2 shows that inhibition by monensin was modest when the ionophore was present only during the chase period, but more pronounced when it was also present during the labeling. Energy starvation was also strongly inhibitory, though this effect was only slight if glucose was present, thus suggesting an important glycolytic contribution to ongoing metabolism. In these cases of inhibition, gel analysis has shown the entire spectrum of secretory proteins to be effected (data not shown).
Neither elimination of extracellular calcium nor an attempt at depletion of cytoplasmic calcium was substantially inhibitory, (nevertheless, treatment with A23187 and E G T A profoundly inhibits protein synthesis-data not shown). An excess of 50 mM KCI in the medium was slightly inhibitory.
Exocrine Pancreas
It is known that ongoing metabolism is required both for discharge of secretory proteins by the exocrine pancreas and for intracellular transport from the RER to the Golgi complex (12, 14) . Furthermore, discharge can be triggered by A23187 (when calcium is present) (9) or by excess KC1 (25) . It is not known whether partial Na/K equilibration or cytoplasmic calcium levels influence intracellular transport.
In a first set of experiments, we have explored the influence of ionophores on discharge. Pancreatic lobules were pulse-labeled for 10 min with [3H]leucine, returned to chase medium for 3 h to concentrate radioactivity in the zymogen granules, and then incubated for 3 h under a variety of potentially stimulatory conditions. Fig. 5a shows the anticipated massive stimulation of discharge by carbamylcholine and the lack of influence of /xM monensin either on basal or stimulated secretion. A gel analysis of secretion collected in the presence of carbamylcholine with and without monensin shows the two to be identical (data not shown). Although it is not included in the figure, the effect of 10 /xM A23187 simulated that of carbamylcholine so long as calcium was present in . The illustration shows that over the ensuing 3-h period the secretory rate was not influenced by the presence of the ionophore. Also given is the control secretory rate at 37~ in the absence of stimulant. A comparably low level of release was observed when monensin was present in the absence of carbamylcholine. In panel (b) carbamylcholine was added immediately post-pulse (arrow). It is evident that under these conditions, monensin greatly slows the secretory rate.
the bathing medium and was not chelated by EGTA.
When comparable experiments were performed in which the 3-h post-pulse interval was omitted, the influence of monensin was strikingly different (Fig. 5 b) . Evidently, monensin blocks the release of newly synthesized protein, but not of protein already concentrated in zymogen granules.
Cell fractionation experiments have therefore been performed to identify the site(s) of intracellular transport sensitive to monensin. Fig. 6c shows the influence of monensin on transport of pulse-labeled radioactive proteins from the RER to the zymogen granule fraction (composed primarily of condensing vacuoles and zymogen granules 113]). 1 /xM doses of monensin effectively slow the arrival of newly synthesized protein, thereby adequately explaining the failure of such protein to be discharged by carbamylcholine stimulation. Accordingly, monensin action might be slowed at two possible sites; either at the point of exit of secretory protein from the RER, or at the passage from the Golgi complex to condensing vacuoles. Some interdependence or coupling between these two events might also be anticipated.
To distinguish among these possibilities, pancreatic lobules were pulse labeled 5 rain and either held at 0~ or reincubated (in the presence of cycloheximide) for 1 h with or without 1 /xM monensin. Homogenates were then prepared, and rough and smooth microsomes were isolated, taking care to eliminate adsorbed secretory proteins. Fig. 6a, b illustrates the relative specific activities of the fractions as a function of time. It is evident that drainage from the rough microsomes occurs at control rates in the presence of monensin. By contrast, there is an accumulation of TCA-insoluble radioactivity in the smooth microsomal subfraction instead of the decrease which normally follows efficient drainage to more distal compartments (12) .
In similar cell-fractionation experiments, 10
,. FIGURE 6 Influence of monensin on intracellular transport. Pancreatic lobules were pulse labeled for 5 min with [aH]leucine, washed, and transferred to media containing 5 /~g/ml cycloheximide at 0~ at 37~ or at 37~ in the presence of 1 p,M monensin. After 90 min, each set of lobules was homogenized and rough and smooth microsomal and zymogen granule fractions isolated. The TCA-insoluble radioactivity and protein content of these fractions was measured. In the relative specific activity (RSA) plots for rough-(RM) and smooth-(SM) microsomal fractions, the specific activity of the zero-time (0 ~ samples is set equal to one. The granule fraction (ZG) is normalized to the control chase condition. Data presented is the average of four experiments. Typical protein recoveries in RM, SM, and ZG were 0.5, 0.6, and 1.2 rag, respectively. At the end of the pulse the corresponding specific activities were 169,000, 104,000, and 15,000 cpm/mg protein.
/ z~
~M A23187 in the presence of 1 mM EGTA and absence of calcium was without effect on intracellular transport.
Electron Microscopy
Since our previous studies of Ig secretion have shown the inhibitory action of monensin or A23187 in the absence of calcium to be associated with characteristic alterations of the Golgi complex (31), we have examined the ultrastructure of fibroblasts, macrophages, and the exocrine pancreas treated in a similar manner.
For both fibroblasts and macrophages, as for plasma cells (31) , monensin treatment is accompanied by a disappearance of Golgi cisternae and the appearance of conspicuous dilated vacuoles in the Golgi region. These vacuoles often have a crenated perimeter, and, in the case of fibroblasts, a readily visible content ( Fig. 7a-d) .
Corresponding changes can be observed in monensin-treated pancreatic acinar cells. As in all the other cell types, stacked compressed Golgi cisternae are greatly reduced in number, and in their place are dilated vacuoles which are closely apposed, one to the next. Many of these vacuoles have a visible content which adheres to the inner aspect of their limiting membrane. This distribution of content is unlike that found in conventional condensing vacuoles in which such adherance is not common, (Fig. 8a, b) . Condensing vacuoles are essentially absent after such monensin treatment.
Two other changes are frequently encountered in all three cell types after monensin treatment: transitional elements of the RER are often more abundant than in controls, and the mitochondria are condensed. Apart from these specific alterations, the cell ultrastructure is normal.
The treatment with A23187 in the absence of calcium (inhibitory only for fibroblasts) is accompanied by an increase in the population of Golgi vesicles in the case of fibroblasts (data not shown); but at the time point studied this increase is less striking than for plasma cells (31) . Macrophages and acinar cells of the pancreas treated under the same conditions look entirely normal.
Autoradiographic Studies
As an independent means of exploring the site of monensin action in the exocrine pancreas, electron-microscopic autoradiography has been employed. Lobules were pulse labeled 5 min with pH]leucine and either fixed at once, chased one h in control medium, or chased in the presence of 1 p.M monensin. The results of such an experiment are given in Table I . At the end of the pulse, 91% of the autoradiographic grains are found associated with the RER. After the control chase they drain largely to Golgi elements and condensing vacuoles, and after chase in the presence of monensin they concentrate over dilated Golgi elements (condensing vacuoles are no longer present). Images characteristic of the chase conditions are given as Fig. 9 .
DISCUSSION
Available evidence is consistent with the existence of a unique cytoplasmic pathway for secretory proteins of eukaryotic cells (24) . After biosynthesis on the attached polysomes of the RER and segregation within its cisternal space, the proteins attain the partly-rough-partly-smooth transitional elements of the RER which give rise by membrane fission to smooth-surfaced vesicles. Such vesicles, along with associated smooth-surfaced cisternae, constitute the Golgi complex.
In cells that lack short-term control of secretory rate ("nonregulated" secretory cells) Golgi-derived vesicles are presumed to pass to the cell surface where they fuse with the plasma membrane and release their content by exocytosis. In these cases, it has not been evident what role the Golgi cisternae perform, though it has been established that they may contain secretory protein (e.g., plasma cells that synthesize anti-peroxidase antibodies [17] ). In "regulated" secretory cells the Golgi elements give rise to immature condensing vacuoles that convert to storage granules or zymogen granules. In several cases (bovine pancreas [15] , granulocytes [1, 2l], lacrymal gland [11] ), secretory product can be demonstrated in Golgi cisternae, although in the case of the guinea pig pancreas it has been suggested that vesicles may pass directly from transitional elements to condensing vacuoles (12) . In the present study, we seek to identify conditions which perturb this traffic of smooth-surfaced elements to analyze its function, both in "regulated" and "nonregulated" secretory cells.
As a first step, we have sought to block secretion by several nonregulated secretory cells and thus to develop a "physiological profile" for protein discharge from such cells. In this paper we add to the information already obtained with normal and malignant plasma cells data concerning activated peritoneal murinc macrophages and Table II . In all cases, discharge at maximal rates requires ongoing energy production and fails to be slowed by elimination of extracellular calcium or accelerated by attempted membrane depolarization with KCI. By contrast, depletion of cytoplasmic calcium (by use of the carboxylic ionophore A23187 in medium which lacks calcium and is supplemented with EGTA) is inhibitory for plasma cells and fibroblasts, though not for macrophages, for unknown reasons. The Na/K specific ionophore, monensin, is inhibitory' for all three cell types.
The energy dependence observed can be partly ascribed to the energy requirement for the exit of secretory protein from the RER (31); however, these may perfectly well be supplementary, more distal energy-requiring steps in the case of the nonregulated secretory cells. The dependence on cytoplasmic calcium presumably corresponds to a block within the Golgi region (31), yet the lack of apparent dependence in macrophages (and pancreatic cells) is puzzling and clearly limits the generality of such reatment with A23187. It is possible that such refractory cells have a means of selectively retaining an essential calcium pool which spares the secretory pathway from A23187 sensitivity. Pancreatic lobules were pulse-labeled 5 min with [3H]leucine and then either fixed at once or first washed and reincubated 1 h with or without micromolar monensin in 5 /xg/ml cycloheximide-containing medium. After preparation for autoradiography, low-power electron micrographs were taken at random. A circle was drawn which circumscribed each autoradiographic grain, and the grain was assigned to the subcellular structure underlying the center of the circle.
For comparison, the corresponding physiological profile of a typical regulated secretory cellthe acinar cell of the exocrine pancreas-is also given in Table II . In so far as the discharge event itself is concerned, the two classes of secretory cell differ with respect to need for extracellular calcium, response to excess KC1, and the ionophore, monensin. These differences all pertain to the existence of a storage compartment, yet in all the cells studied (including those of the exocrine pancreas) monensin has a common and specific effect on intracellular transport at the level of the Golgi complex.
As already discussed in our studies of plasma cells (31) , monensin causes dilation and possibly fusion of Golgi elements. We ascribe these events to the cytoplasmic ionic changes documented to occur in plasma cells; however, a further explanation is needed which accounts for the unique sensitivity of the Golgi complex and indicates why arrest of intracellular transport should be accompanied by such dilation or fusion. With regard to these questions, selected Golgi elements may contain Na or K-specific ion pumps which normally produce water efflux, although biochemical studies of isolated Golgi fractions have not yet revealed such activities. Furthermore, there may be ion-sensitive sites (enzymes?) which normally regulate membrane fusion and fission, but predominantly allow fusion to occur under the monensinimposed high Na, low K conditions.
In the case of the macrophage and the pancreas, the origin of the monensin-induced vacuoles is belied by their persistent association with each other, much like the apposed compressed Golgi cisternae of control cells. Moreover, in the pancreas, one can distinguish between the monensininduced vacuoles and Golgi cisternae, on the one hand, and condensing vacuoles, on the other. Only the former have a content which regularly lines the inner aspect of their limiting membrane. One may judge from these morphological characteristics that the monensin-induced structures derive an important contribution from pre-existing Golgi cisternae; however, a proof of this relation will require histochemical (22) and (or) biochemical studies.
The present studies of the pancreatic secretory cycle clearly emphasize the specificity of monensin action, for in its presence drainage of secretory protein from the RER (Fig. 6a, Table I ) and carbamylcholine-stimulated discharge (Fig. 5a) are not affected-only the vesicular traffic in the Golgi region is interrupted. No other agents are known to act specifically at this level except, possibly, for lanthanum (3) and colchicine (24, 26) . Because protein synthesis continues in the presence of monensin, a storage compartment is generated in the Golgi region, but it is not possible to judge whether the apparently precipitated content of such monensin-induced vacuoles is actually insoluble in vivo.
Despite the condensation of mitochondria, the observations that protein synthesis and the early steps of intracellular transport continue, in the presence of monensin, and that deliberate uncoupling of respiration does not cause Golgi vacuolization (14, 31) , indicates that the blocks caused by monensin and CCCP are distinct.
It is of interest that a vacuolization of the Golgi area of other secretory cells has been correlated with K loss induced by hypoxia or triggering of membrane receptors; however, such studies have not explored a possible influence on intracellular transport (2, 29) .
One sufficient unifying explanation of monensin's interruption of vesicular traffic is given in Fig. 10 . We propose that the vesicles which originate from the transitional elements of the RER obligatorily fuse with Golgi cisternae, and 704 THE JOURNAL OF CELL BIOLOGY" VOLUME 79, 1978 The data summarized pertain to measurement of the release of biosynthetically labeled secretion product under short-term in vitro conditions. By the nature of such pulse-chase experiments, release is from zymogen granules for the regulated cell-type (r pancreas) and for the other cell-types release is from Golgi-associated pools with a contribution from the RER. The data concerning plasma cells come from (31) and the data from pancreatic cells are reviewed in (31) . All other data are from the present study.
that a secondary population of smooth-surfaced organelles derive from the cisternae and pass toward the cell surface. In nonregulated secretory cells that second population of organelles corresponds to small Golgi-derived vesicles endowed with a specificity which allows them to fuse with the plasma membrane. In regulated secretory cells, the second population corresponds to condensing vacuoles which "mature" to become storage granules. We propose that in all cases the effect of monensin is to arrest the membrane fission which creates such secondary organelle populations. Consequently, secretory product accumulates within Golgi cisternae. Earlier studies have identified the indicated sites of action of CCCP (14, 31) .
Taken as a whole, the present data suggest that the Golgi complex, and in particular its cisternae, serve as a crossroad for the sorting out of smoothsurfaced membrane systems of the cell. They receive input from transitional elements (and perhaps from other sources), and export at least one distinct population of organelles, which is destined to participate in exocytosis. Previous biochemical studies support such a concept in the sense that the enzyme composition of Golgi membranes, bearing small amounts of microsomal activities and plasma membrane activities, is itself distinct (8, 19) . Similar observations have been made with respect to lipid composition (20) .
The use of monensin may facilitate the routine isolation of Golgi subfractions, much as ethanol intoxication aids in isolation of the liver Golgi complex (7) . The routine availability of such subcellular fractions would make possible studies of the processing of secretory product (e.g., proteolytic cleavage events, sugar addition, etc.), more precise identification of the generally inconspicuous intracellular pathway of secretory proteins in nonregulated secretory cells, and further elucidation of questions of membrane fusion, fission, and intermixing.
